During meiosis, the recombination-initiating DNA double-strand breaks (DSBs) are repaired 12 by crossovers or noncrossovers (gene conversions). While crossovers are easily detectable, 13 the noncrossover identification is hampered by the small size of their converted tracts and 14 the necessity of sequence polymorphism to detect them. We report identification and 15 characterization of a mouse chromosome-wide set of noncrossovers by NGS sequencing of 16 10 mouse chromosome substitution strains. Based on 94 identified noncrossovers we 17 determined the mean length of a conversion tract to be 32 basepairs. The spatial 18 chromosome-wide distribution of noncrossovers and crossovers significantly differed, 19 though both sets overlapped the known hotspots of PRDM9-directed histone methylation 20 and DNA DSBs, thus proving their origin in the standard DSB repair pathway. A significant 21 deficit of noncrossovers descending from asymmetric DSBs pointed to sister chromatids as 22 an alternative template for their repair. The finding has implications for the molecular 23 mechanism of hybrid sterility in mice. 24
Introduction 25
Homologous recombination between paternal and maternal chromosomes and their 26 synapsis are unique features of the meiotic phase of gametogenesis in the majority of the 27 sexually reproducing organisms. In humans, mice and most other mammals the localization 28 of recombination breakpoints is under the control of the PRDM9 histone methyltransferase. 29
The PRDM9 zinc finger domain binds at allele-specific sites of genomic DNA and its PR/SET 30 domain ensures trimethylation of histone 3 at lysine 4 and lysine 36 (H3K4me3 and 31 H3K36me3) surrounding both sides of the binding motif 1-4 . The SPO11 topoisomerase-like 32 protein targets a subset of trimethylated PRDM9 binding sites and generates programmed 33 DNA double-strand breaks (DSBs) 5,6 . The DSBs are repaired by homologous recombination, 34 either by crossovers (COs) accompanied by the exchange of chromatid arms between 35 homologous chromosomes or by noncrossovers (NCOs, gene conversions) created by 36 unidirectional transfer of genetic information from the homologous chromatids. Conversion 37 tracts, usually longer than in NCOs, also accompany COs 7 . The COs are under a strong 38 homeostatic control ensuring at least one CO per chromosome arm (obligate crossover 39 rule) 8,9 , a condition necessary for the proper segregation of homologous chromosomes into 40 gametes. In contrast, NCOs are indispensable for synapsis of homologous chromosomes as 41 illustrated by asynapsis in spermatocytes with reduced or absent DSBs due to attenuated or 42 abolished expression of the Spo11 gene 10-13 . The significance of NCOs for meiotic synapsis of 43 homologous chromosomes is further corroborated by the synapsis failure in meiocytes of 44 the mouse subspecific hybrids with a reduced number of repairable (symmetric) DSBs [14] [15] [16] . 45
The NCO events are hard to detect because the conversion tracts are rather short, estimated 46 at 86 ± 49 bp in two mouse hotspots 17 and 55-290 bp in humans 18 . Moreover, the NCOs are 47 detectable only when the conversion tracts carry SNPs or short indels distinguishing the 48 paternal from the maternal sequence. Thus, the efficiency of identification of NCOs depends 49 on the density and distribution of these allelic variants. 50
To identify the NCOs and their chromosome-wide distribution we took advantage of the fact 51 that NCOs are enriched in consomic chromosomes of chromosome substitution (consomic) 52 strains. To construct a consomic strain only the individuals with nonrecombinant donor 53 chromosomes (without COs) are selected for transfer to the next generation during 10 54 consecutive backcrosses to the recipient inbred strain 19, 20 (Figure 1 ). Hence the transferred 55 chromosome is 10-fold enriched for NCOs but devoid of COs. In the final intercross the 56 consomic chromosome is fixed in the homozygous state allowing direct identification of 57 NCOs by sequencing. Here we searched for NCOs in 10 strains of a panel of C57BL/6J-Chr 58 # PWD /Ph/ForeJ (abbreviated B6.PWD-Chr #) mouse consomic strains 20 . In these mice the 59 donor chromosome descends from the PWD/Ph (PWD) inbred strain derived from the Mus 60 musculus musculus (M. m. musculus) subspecies 21 , while the genome of the recipient 61 C57BL/6J (B6) strain is predominantly of Mus musculus domesticus (M. m. domesticus) 62 origin 22 . Because both subspecies diverged roughly 350-500 thousand years ago 23,24 the high 63 level of their genome disparity, one SNP per 130 bp, is comparable to the divergence 64 between the human and chimpanzee 25 . The accumulation of NCOs during the backcrosses 65 and the higher chance to identify them by converted SNPs are the factors that considerably 66 amplified the efficiency of NCO mapping. Moreover, better characterization of NCOs can 67 contribute to genetic dissection of reproductive isolation between the mouse subspecies. 68
The difficulties to repair DNA DSBs by homologous recombination and subsequent deficiency 69 of NCOs was proposed to interfere with the synapsis of homologous chromosomes and 70 cause early meiotic arrest in the (PWD × B6)F1 model of hybrid male sterility [14] [15] [16] 26, 27 . 71 72 Results 73 74 Chromosome-wide identification of noncrossovers 75
To identify NCOs we sought the B6-PWD SNPs in the PWD sequence of individual consomic 76 chromosomes (Figure 2a ). Nine B6.PWD-Chr # consomic strains carrying PWD autosomes # 77 1, 2, 3, 4, 5, 6, 17, 18, 19 and B6.PWD-Chr X.1s subconsomic strain with the proximal part of 78 Chr X of PWD origin 28 were sequenced with the minimal coverage of 24×. The B6 SNPs were 79 detected by simultaneous alignment of the whole genome sequence (WGS) Illumina reads of 80 a consomic sequence to the B6 reference genome, the pseudo-reference of PWK/PhJ 29 , and 81 were compared to WGS of the PWD/PhJ and PWK/PhJ strains. The latter two are closely 82 related M. m. musculus-derived inbred strains. The false-positive variants were eliminated 83 by a multi-step filtering procedure based on the comparison of PWD-B6 SNPs in consomic 84 strains and their B6 and PWD progenitors (see Materials and Methods). Altogether we 85 detected 91 NCOs in nine consomic autosomes and three NCOs in the proximal 69.6 Mb of 86 Chr X ( Figure 2b , Table 1 ). Sixty-nine percent of NCO gene conversion tracts encompassed 87 one converted SNP; 20% and 11% carried two and more SNPs (or possibly short indels), 88 respectively. 89
The ranges of possible length of each NCO conversion tract (Table 1) were based on the 90 converted and surrounding non-converted SNPs. The conversion tracts varied in length. For 91 instance, we found 13 tracts necessarily shorter and four tracts necessarily longer than 100 92 bp ( Figure 3 ). Assuming exponential distribution, we estimated the mean length of the 93 detected NCO conversion tracts at 32 bp. In addition, a single complex conversion event (1%) 94 on Chr 2 contained two converted SNPs 231 bp apart from each other with two non-95 converted SNPs in between. We confirmed by Sanger sequencing that this complex event 96 more likely resulted from a single meiosis rather than from aggregation of two events in 97 different backcross generations. Thus, the incidence of complex NCO gene conversions was 98 much lower than 46% or 65% reported in the human study 30 NCOs colocalized with the sites of meiotic DMC1 hotspots based on the available data 15,34 on 112 males of one or more of the strains/crosses -B6, PWD, (B6 × PWD)F1 and (PWD × B6)F1 113 (Table 1) . The overlap showed high specificity of our detection approach, since the random 114 overlap of NCOs with the superset of these DSBs sites was only 7%, thus confirming that the 115 detected NCOs were real. As expected, the same 96% of NCO conversion tracts colocalized 116 with the PRDM9-induced H3K4me3 histone modifications (Table 1- The COs were highly abundant in the subtelomeric regions and at the 2 nd decile of the 161 chromosomal lengths ( Figure 5a ) in agreement with the non-uniform spatial distribution 162 previously described in male meiosis of mice 36,37 as well as of humans and other species [38] [39] [40] . 163
The spatial chromosome-wide distribution of NCOs was significantly different from the CO 164 distribution (P ≤ 0.0109, see Materials and Methods). In contrast to COs, a significant deficit 165 of NCO events was observed in the 10 th decile of the chromosomal length (P ≤ 0.0333). 166
Moreover, NCOs were more abundant around the 4 th decile of the chromosomal length 167 ( Figure 5b ). The NCOs were compared to two unrelated datasets of COs, both showing a 168 difference. First, NCOs were compared to the COs in (B6 × PWD)F1 male meioses detected in 169 this study (P = 0.0029, permutation test) to control for the genetic background. Second, 170
NCOs were compared to a dataset of male and female COs from the G2:F1 population of the 171 Collaborative Cross project 37 (P = 0.0109, permutation test, see Materials and Methods) to 172 account for the previously described sex differences in the CO distribution. Consistently in 173 both comparisons, the frequency of NCO events in the 10 th decile of the relative 174 chromosomal length was lower than that of CO events (P = 0.013, P = 0.0333, respectively, 175 permutation test adjusted for multiple testing). To compare the CO and NCO outcomes and their PRDM9 initiation with a kilobase resolution 181 we focused on a subset of (B6 × PWD)F1 COs whose position determined by the MegaMUGA 182 chip overlapped a single DMC1 (B6 × PWD)F1 hotspot 15,34 (hereafter DMC1-unique CO sites). 183
We assumed that the respective COs were initiated in the centers of such DMC1 sites. 184
Limiting the DMC1-unique CO sites to those of the inferred PRDM9 B6 origin, the COs were 185 found more frequently in the NCO sites than in the sites without detected NCOs (P = 0.0401, 186
Mann-Whitney test), suggesting colocalization of CO and NCO hotspots. 187
Higher H3K4me3 and DMC1 hotspot activity in NCO and CO sites 189
To search for the differences between CO and NCO resolution pathways, we compared 190 histone 3 lysine 4 trimethylation and DMC1 protein abundance at the CO, NCO and DSB 191 sites. The CO sites were filtered to the above-defined subset of DMC1-unique CO sites. NCO 192 sites were filtered to those overlapping DSB sites (DMC1) in the (B6 × PWD)F1 database also 193 used as a resource of DSB sites. We assumed the localization of CO, NCO and DSB sites in the 194 DMC1 site center and we filtered for the sites initiated by PRDM9 B6 to take into account the 195 differences between the models for CO, DSB and NCO detection. The (B6 × PWD)F1 DMC1 196 heat was higher in both NCOs (median = 176) and COs (203) The COs, DSBs and NCOs overlapped to a comparable extent with genes (47%, 54%, 54%, 203 respectively). In particular, the overlaps with the gene promoters (3%, 3%, 3%) and exons 204 (3%, 5%, 6%) were comparable as well. 205 206 Asymmetry of PRDM9 binding and deficiency of nonparental NCOs support the DSB repair 207 mechanism of hybrid sterility 208
During species evolution the PRDM9 hotspots are gradually eroded due to the biased gene 209 conversion that favors the PRDM9 binding sites with lower affinity 3,41-43 . In hybrids between 210 mouse subspecies M. m. musculus represented by the PWD mouse strain and M. m. 211 domesticus (strain B6) the presence of (partially) erased parental PRDM9 hotspots leads to 212 their heterozygosity. The resulting PRDM9 binding site "asymmetry" 15 is supposed to cause 213 hybrid sterility of (PWD × B6)F1 males 14,26,27 . It was proposed that the DSBs in asymmetric 214 hotspots are more difficult to repair or are fixed by the noncanonical sister-chromatid 215 repair 15 . The consequent lack of symmetric sites is supposed to result in synaptic defects of 216 homologous chromosomes and male sterility 16, 28, 44, 45 . 217
If, as proposed, the repair of DSBs by non-sister homologous recombination is inhibited by 218 the asymmetry of their initiation, then a lower than expected frequency of NCOs overlapping 219 the asymmetric DMC1 hotspots could be expected. To examine the idea we classified all 220
NCOs according to the presence of their conversion tract sites within the B6, PWD, (B6 × 221 PWD)F1 or (PWD × B6)F1 DMC1 hotspot datasets 15 and their Prdm9 binding motif (Table 1-222   table supplement 3) Only 17.4% of NCO conversion tract sites (15 out of 86) were classified 223 as "nonparental" (named "novel" in 34 ), being absent in PWD and B6 DMC1 hotspot datasets 224 while present in F1 hybrids (Table 1-table supplement 3 the expected difficulties of repair from the homologous chromatid template. In theory, this 233 might be explained by an increased tendency for CO repair in the nonparental sites. 234
However, this alternative is highly unlikely since we found almost identical proportion of 235 nonparental CO (19.0%) and NCO (17.4%) sites. To conclude, the observed deficiency of 236 both, NCOs and COs incurred from asymmetric hotspots in accordance with the expected 237 difficulties of their repair from the homologous chromatid template. 238
Next, we asked whether the autosomes more sensitive to asynapsis display larger 239 proportions of nonparental NCOs/COs. Interestingly, no such correlation was found (P = 240 0.5092, Spearman's ρ = 0.1614, Figure 6 ) suggesting that the DSBs on short, highly asynaptic 241 chromosomes were not particularly more difficult to repair. Rather, the shorter (more 242 asynaptic) chromosomes contain less DSBs in total, making the selection for the properly 243 to gametes more often than AT in a conversion tract from GC/AT heterozygotes 46, 47 In our 249 set of NCO sites the bases A or T (so-called "weak" bases, w) were converted to bases C or G 250 ("strong" bases, s) 3.4 times more often than vice versa, showing a GC bias of 77% (P = 2.078 251 × 10 -8 , two-tailed binomial test, #w->s / (#w->s + #s->w) = 81/(81+24)). The observed GC bias 252 is higher than 68% or 69% reported in humans 30 . Remarkably, we observed a similar GC bias 253 both, in single-SNP NCOs (76%, P = 2.057 × 10 -6 , 42/(42+13)) and multiple-SNP NCOs ("co-254 conversions") (78%, P = 9.021 × 10 -5 , 39/(39+11)) ( Figure 7a ). Our finding is in contrast with 255 the observation in a parallel study 48 where the Prdm9 Hum -initiated NCOs were analyzed in 256 detail to see the effect of GC bias in Prdm9-uneroded genome. The difference may indicate 257 that the mechanisms causing the GC bias operate differently in a Prdm9-eroded and Prdm9-258 uneroded genome. 259
We observed the same pattern of GC bias in the surrounding non-converted sites, both 260 upstream and downstream from the NCO converted sites, most probably as a consequence 261 of historical meiotic gene conversions. As expected, the rate of GC bias decreased with the 262 distance from the Prdm9 binding sites with no GC bias in the 500 bp distance (Figure 7b ). 263
This might be explained by combination of more localized NCO gene conversions and more 264 spread CO gene conversion events occurring in the same site in the history of the locus. In 265 addition, we observed a stronger GC bias for parental (63% for Prdm9 B6 , Figure 7c ) than for 266 nonparental sites (59%) suggesting that the process of gene conversion leading to GC bias 267 lasted longer in evolution in parental sites and has affected more sites in the surroundings of 268 the PRDM9 motif. Measured alternatively by the level of asymmetry, we also observed a 269 stronger GC bias for the symmetric sites than for the asymmetric ones as expected. 270
Simultaneously, we found that there was an excess of PWD-B6 SNPs in the centers (± 18 bp) 271 of nonparental DMC1 sites (47.6%) than in the centers of parental DMC1 sites (30.0%). These 272 findings are consistent with the view that the binding motifs of nonparental DMC1 sites 273 were disrupted at early generations in the evolution, the binding sites were not used so 274 frequently or even at all since that moment and the gene conversions accompanying the 275 repair of meiotic DSB at these sites created a smaller GC bias. Consistently, the parental 276 The NCO sites were identified by subsequent filtering steps using both the conservative and 395 anti-conservative method. In the conservative method, the Illumina paired end 2×150 bp 396 reads were aligned to both B6 reference and PWD pseudo-reference fasta files. The 397 candidate reads were required to align perfectly to the B6 reference and not perfectly but at 398 most with six variants to the PWD pseudo-reference. The detected variants in the reads 399
were then compared to four datasets of Illumina reads of B6, PWK, PWD 15,61 and the 400 B6.PWD-Chr # strains (this study) and the sites heterozygous either in B6 or PWD parental 401 strains were excluded. Similarly, the gene conversion candidate sites in the transferred PWD 402 chromosomes of B6.PWD-Chr # strains were required to be homozygous. To determine the overlap of NCO and CO sites with DMC1 hotspots, we used the DMC1 439 datasets of (B6 × PWD)F1, (PWD × B6)F1, B6 and PWD males from the previous studies 15, 34 . 440
The datasets differed in the number of detected hotspots between the biological 441 replicates 15, 34 ; however, the extra DMC1 hotspots had the lowest heat. The heat of DMC1 442 sites overlapping between the biological replicates was highly correlated (ρ = 0.92, P < 10 -16 , 443 for (B6 × PWD)F1). Importantly, the extent of the overlap of autosomal NCO sites with the 444 respective DMC1 datasets differed by only 2% (higher in Davies and coworkers 15 ). 445 Furthermore, only the latter datasets 15 The NCOs were compared to the COs in (B6 × PWD)F1 male meioses generated in this study 461 to control for the genetic background. Next, the NCOs were compared to both male and 462 female COs inferred from the G2:F1 population of the Collaborative Cross (CC) project 62 . In 463 both cases, the comparison was performed by a permutation test. The respective CO events 464 were binned into 10 groups according to their relative chromosomal coordinate to give the 465 estimates of the relative proportions of CO events in each bin, which were used to specify 466 the probabilistic distribution. Provided the null hypothesis NCOs do not differ from COs, a 467 dataset of 91 NCO events was simulated from the respective CO distributions. The 468 simulations were performed 10,000 times and the real NCO distribution was compared to 469 the expected NCO distribution. In addition, to compare with the male and female COs from 470 the CC project, the CO distribution based on 50% of male COs and 50% of female COs and CO 471 distribution based on 25% of male COs and 75% of females COs were calculated as two 472 extreme possibilities. This was done to account for the uncertainty of sex for which the NCOs 473 were observed. The more conservative p-value was reported. 474 475 Proportion of nonparental NCO, CO and DSB events as a proxy for the level of asymmetry 476
We compared the abundance of nonparental NCO, CO and general DSB sites to assess the 477 hypothesis that the asymmetric DSB sites are harder to repair and are possibly repaired by 478 sister chromatids. As a result, they would not be observed as either NCO or CO outcome. 479
Here we defined an "event" as either an NCO event, CO event, or meiotic DSB event. 480
Second, we defined the NCO/CO/DSB events as "nonparental" if found in the DMC1 dataset 481 of (B6 × PWD)F1 and/or (PWD × B6)F1 hybrids and not in the DMC1 dataset of B6 or PWD 482 parents and B6.Prdm9 −/− . Third, the "parental" events were defined as found in the DMC1 483 dataset of (B6 × PWD)F1 and/or (PWD × B6)F1 hybrids and also in one of the B6 or PWD 484 DMC1 parental datasets but not in the B6.Prdm9 −/− dataset. The events not found in any of 485 (B6 × PWD)F1 or (PWD × B6)F1 DMC1 datasets and the events found in the B6.Prdm9 −/− 486 DMC1 dataset were excluded from the analysis. We calculated the proportion of 487 nonparental events as a ratio (# of nonparental events) / (# of nonparental and parental 488 events) for the NCO events. For the comparison to CO and DSB events we calculated the 489 ratio similarly, but considered two additional features of the DMC1 data. First, DMC1 heat 490 was significantly correlated with the level of asymmetry (ρ = -0.26, P < 0.0001; ρ = -0.22, P < 491 0.0001), and with the proportion of nonparental sites (ρ = 0.11, P < 0.0001; ρ = 0.08, P < 492 0.0001), in (B6 × PWD)F1 hybrids for both PRDM9 B6 and PRDM9 PWD initiated sites 493 respectively. In addition, the median of DMC1 heat was much lower in the overall DSB 494 hotspots than in the DSB hotspots with the detected NCO/CO occurrence ( Figure 5-figure  495 supplement 1a). Thus, the DMC1 heat statistically confounded the relationship between the 496 parental/nonparental origin of the events and the class of the event (NCO/CO/DSB) and was 497 controlled for (Table 1- assumed to follow an exponential distribution according to Li and coworkers 48 to provide a 511 direct comparability. Composite likelihood of the rate parameter λ was estimated using the 512 probabilities that the neighboring SNPs were converted. Other, non-standard statistical 513 analyses are described in the Materials and Methods part above. Uniformly, the 514 permutations tests used to calculate the expected overlap between the genomic features 515 were done using N = 10,000 permutations. 
